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The effect of the magnetic field on the rate of outer-sphere electron-transfer reactions has been investigated as a function of the 
field intensity, between 0 and 9 T, and at a given temperature. In complexes of d6 metal ions, Le., Ru(I1) and Co(III), the rate 
constant exhibits a complex dependence on the field: a complexity associated with field-induced changes of the electronic matrix 
element and the activation energy. Changes in the activation energy have been investigated as a function of the temperature at 
a given field intensity. These measurements have shown that the magnetic susceptibility of activation has the large positive values 
that are expected for a strongly paramagnetic transition state. The magnetic field effects are discussed in terms of symmetry- 
determined selection rules for the coupling of the initial and final electronic states of the reactions. 

Introduction 
The magnetic-field-induced accelerations and decelerations of 

the rate of ground- and excited-state reactions involving inorganic 
and organic reactants have been the subject of a number of 
studies.'-9 Recent work has shown that there are significant 
differences between those mechanisms by which the magnetic field 
perturbs the rate of reactions involving coordination complexes 
and those mechanisms applying to reactions between radicals or 
excited states of organic molecules.lv2 For example, under intense 
magnetic fields, 0 C H C 6 T the rate constant for the radiationless 
relaxation of (3CT)-Ru(bpy),Z+ exhibits a linear dependence on 
the magnetic field instead of the quadratic dependence (eq 1) that 

k ( H )  = (l/h)l(*il&v,w + P Q * r ) 1 2  N k ( 0 )  + k2* (1) 

%,,, = vibronic, spin-orbit coupling operator 

P = magnetic dipole operator 

has been observed with excited states of organic  molecule^.^^'*^^ 
In this compound of a second-row transition-metal ion, the de- 
parture from the expected functional dependence has been at- 
tributed to a mechanism involving the electronic Zeeman-induced 
mixing of the 3CT with other states of similar energies.2 

A large body of work has also been done on the effect of the 
magnetic field over the rates of reactions involving the coalescence 
of two species in multiplet states, e.&, radical-radical and trip- 
let-triplet annihilation reactions.I4-I6 The mechanisms for such 
reactions assign the field's effect to the induced modification of 
electronic levels and transition probabilities. Magnetic interactions 
that determine the evolution from one spin state to another, e.g., 
from a triplet radical pair to a singlet radical pair, have been 
identified as the electronic Zeeman and the hyperfine ~ o u p l i n g . ~ ~ - ~ ~  
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These mechanisms have proved to be very successful in accounting 
for all the experimental observations in thermal and photochemical 
reactions involving species where spin-orbit coupling and the 
orbital contribution to the electronic angular momentum are of 
insignificant consequence. Bimolecular reactions between coor- 
dination complexes, i.e., outer-sphere electron transfers, are not 
expected to fall within the previous class of reactions because of 
intrinsically strong spin-orbit couplings and large orbital con- 
tributions to the electronic angular m o m e n t ~ m . ~ ~ - ~ ~  In addition, 
the CIDNP- and CIDEP-based mechanisms consider reactions 
proceeding under an almost diffusion-controlled rate while a large 
number of the outer-sphere electron transfers have activation 
energy limited rates.21-26 In such cases, one expects that the effect 
of the magnetic field on the rate constant reflects the combined 
interactions of the field with the reactants (initial state), products 
(final state), and a given transition state (activation complex). 
This point can be expressed in a more quantitative manner with 
eq 2,j0 derived from the absolute rate theory. The subscript H 

kH = KHK*H (2) 

in  eq 2 denotes that the activated complex pseudoequilibrium 
constant, K*H, and the transmission coefficient, KH,  are both 
field-dependent parameters that contribute to the overall depen- 
dence of the specific rate constant, kH, on the magnetic field. 
Insofar as the transmission coefficient must be calculated over 
the entire space of the reaction coordinate and in terms of the 
eigenfunctions for a given potential field, which includes the 
magnetic interactions, the dependence of this parameter in the 
magnetic field can be easily recognized.30 The dependence of K*H 
on the magnetic field can be associated with the field-induced 
change in the position of the reactants-activated complex pseu- 
doequilibrium (eq 3),30 where A, B, and AC' represent the 

A + B AC' K*H = exp(-bG*H/RT) ( 3 )  
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Table 1. Polynomial Expansion Coefficients for the Fitting of k(H)/k(O)O 

h X * ,  
reactantsb ai ,  T-' 0 2 ,  T2 u3, T-3 u4, QZiaie-EiIRTZd yd2, J J /T2  

2.4 X I O 2  Co(NH&)+ + Ru(NH3)62+ -2.95 X IO-' 1.57 x 10-1 -2.81 X I .60 x 10-3 1.3 
{CO(NH~),'+.CI-) + R u ( N H ~ ) ~ ~ +  -4.78 X IO- '  3.45 x 10-1 -7.69 X IO-' 5.15 x 10-3 1.8 3.9 x 102 
C O ( N H J ) ~ ~ +  CO(Sep)2+ -8.04 X IO- '  4.43 x 10-1 -7.50 X 3.91 x 10-3 
C ~ ( e n ) , ~ +  + Co(sep)2+ -1.62 X IO-' 4.19 X -1.48 X 2.13 x 10-3c 

"Coefficients defined in eq 12. bFor  experimental conditions see Figures 1 and 3. CGood fitting for H < 6 T.  

reac tan ts  a n d  act ivated complex,  respectively, and ActH is t h e  
activation energy  in t h e  presence of a magnet ic  field H. If one  
considers tha t  the  magnet ic  field changes t h e  energy of a material  
in an a m o u n t  t h a t  is proport ional  t o  t h e  s q u a r e  of t h e  magnet ic  
field intensity,  t h e  activation energy  AG'H is given in  te rms  of 
t h e  activation energy  a t  zero  field, AG'o (eq 4).3"-33 The pro- 

(4) 
portionali ty cons tan t ,  6x', is t h e  (molar )  activation magnet ic  
susceptibility t h a t  is def ined in  eq  5 a s  a difference between t h e  

( 5 )  
magnet ic  susceptibilities of t h e  activated complex a n d  reac tan ts  
respectively, Le., in t h e  s a m e  m a n n e r  t h a t  is followed for t h e  
definition of o ther  molar  activation  parameter^.^^ 

I n  th i s  paper  we report  results on t h e  effect  of t h e  magnet ic  
field on t h e  ra te  of outer-sphere electron transfers involving Co 
and Ru complexes. S u c h  reaction ra tes  have been investigated 
a s  a function of the  field intensity a t  various temperatures  in order  
t o  learn a b o u t  t h e  mechanism of t h e  magnet ic  per turbat ion a n d  
t h e  magnet ic  n a t u r e  of t h e  transit ion s ta te .  

Experimental Section 
Reaction Rates Measurements. The rates of the reactions were mea- 

sured for pseudo-first-order kinetics with one of the reactants IO-fold to 
100-fold in excess with respect to the other reactant's concentration. In  
those reactions with such rates that optical density measurements could 
be carried out in a spectrophotometer, solutions were handled under 
anaerobic conditions by using the syringe procedure. Moreover, the 
accuracy of the measurements was optimized by adding a given volume 
of one reactant's solution to a weighted and deaerated sample of the other 
already placed in the reaction cell. The concentrations were calculated 
from the weight of the mixture, the known weight of one of the solutions, 
and the respective concentrations of the complexes in their stock solutions. 
A modified gastight spectrophotometer cell allowed us to place the re- 
action mixture inside the cavity of an American Magnetics supercon- 
ducting magnet, which was able to generate magnetic fields between 0 
and 9 T .  Reaction mixtures in the cavity were kept at a constant tem- 
perature that experiences insignificant fluctuations, AT I 0.2 OC, during 
the experiments. The reactions were followed at suitable wavelengths by 
reading the optical density with an error, SOD = k0.0002. In individual 
determinations of the rate constants, the relative "most probable error" 
of the rate constants is 3%. The ratio, k ( H ) / k ( O ) ,  of the rate constants 
in a field H ,  k ( H ) ,  and in a zero field, k ( O ) ,  was calculated from an 
average of five to seven individual determinations with a standard de- 
viation equal to or less than 3%. 

Reactions whose rates were too fast for the procedure described above 
were investigated with a Dionex stopped-flow spectrophotometer modified 
for injection mixing inside the magnet's cavity. Magnetic-field-sensitive 
parts in the detection system. e.g.. phototube and lamp monochromator, 

AG'H = AGIO - 6x'H2/2 

= XAC' - XA - XB 

( 3  I )  Note that AG* represents the difference between the respective standard 
free energies of the activated complex and the  reactant^.'^ Therefore, 
the effect of an electromagnetic field on such (dielectric and magneti- 
cally) polarizable material is to change its energy in  

where the volume integrals are over all th_e space and the field integrals 
are from zero field to the final stat_e. E y d  fi are the electric and 
magnetic fields, respectively, while D and B are known respectively as 
electric displacement and magnetic induction vectors. 

(32) Pitzer, K. S.; Brewer, L. Thermodynamics (Revision of Lewis and 
Randall), 2nd ed.; McGraw-Hill: New York, 1961; Chapter 31. 

(33) Reitz, J. R.: Milford, F. J. Foundations oJElecrromagneric Theory: Ch. 
Addison-Wesley Publishing Co.: Reading, MA, 1960; Chapter 12, pp 
234, 235. 

(34) Margenau, H.: Murphy, G. M. The Mathemarics of Physics and 
Chemistry, 2nd ed.: D. Van Nostrand: New York, 1956. 
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Figure 1. Dependence of the ratio k(H)/k(O)  of the rate constants k(H) 
(under a given magnetic field) and k(0) (under a zero field) on the 
magnetic field intensity. The k ( H ) / k ( O )  values in (a) have been deter- 
mined for the reduction of Co(NH&)+ by R U ( N H ~ ) ~ , +  in acidic solu- 
tions, pH 3, with an ionic strength I = 0.3 M NaTFS and T = 298.0 K. 
The constants in (b) have been measured for the reduction of the ion pair 
{co(NH,),'+,CI-I with Ru(NH3):+ in acidic solutions, pH 3, having an 
ionic strength I = 0.3 M NaCl and T = 290.0 K. 

were removed an appropriate distance from the magnet and optically 
coupled to the reaction cell by means of fused silica fiber optics. 

Materials. The compounds [ R u ( N H ~ ) ~ ] ( C ~ ~ ~ ) ~ ,  [CO(NH3)6](C104),, 
and [ C O ( N H ~ ) ~ C I ] ( C ~ O ~ ) ~  were available from previous work.'S2 Alfa 
[Ru(NH,),] (ClO4)2 and [Co(sep)] (CI04)3 (sep = 1,3,6,8,10,12,16,19- 
octaazabicyclo[6,6,6] icosane] were purified according to literature pro- 
c e d u r e ~ . ~ ~ . ' ~  The purity of the compounds indicated above was estab- 
lished by means of their UV-Vis spectra. 

Other materials were reagent grade and were used without further 
purification. 

Results 
Although t h e  effect  of t h e  magnetic field on the r a t e  of out- 

er-sphere electron transfers was  first investigated in t h e  reaction 
between diamagnet ic  cobalt( 111) and ruthenium(I1) hexaammines 
(eq 6), such study was done under  a narrow range of experimental 
 condition^.^' 

CO(NH&~' + Ru(NH3)62+ - Co(NH3)$ + Ru(NH3)63+ 

Co**(aq) + 6NH: (6) 
+"+L 

(35) Creaser, I. I.; Geue, R. J.; Harrowfield, J. MacB.; Herit, A. J.; Sargeson, 
A. M.; Snow, M. R.; Springborg, J .  J .  Am. Chem. Soc. 1982,104,6016. 

(36) Matsubara, T.; Ford, P. C. Inorg. Chem. 1978, 17, 1747. 
(37) Ronco, S.;  Ferraudi, G. J .  Chem. Soc., Dalton Trans. in  press. 
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Figure 2. Temperature dependence of the ratio k ( H ) / k ( O )  of the rate 
constant k ( H ) ,  determined at  a field intensity H, to the rate constant 
k(O), determined at  a zero-field intensity. The counterions and respective 
field intensities used for the study of the reaction between CO(NHJ)63+ 
and R u ( N H ~ ) ~ ~ +  are indicated in the figure. For other conditions, see 
Figure I .  

In this work, the magnetic field effects were investigated at a 
constant temperature, T = 298 K, under medium conditions, pH 
3 and I = 0.3 M in NaC1, where more than 99.0% of the Co(II1) 
complex was ion paired with CI- (Figure 1).38-39 The experimental 
results, expressed as a ratio k ( H ) / k ( O )  of the rate constant, k(H) ,  
measured under a field H to the rate constant, k(O), in the absence 
of field, can be approximately fitted by a power series 

OI 

k ( H ) / k ( O )  = 1 + Ca,W 

truncated to a polynomial of a given degree on the magnetic field.@ 
For example, a polynomial of the fourth degree on the magnetic 
field gives acceptable fittings of the experimental data (Figure 
1 and Table I). Similar behavior has been observed under 
conditions, Le., pH 3 and I = 0.3 M NaTFS, where the Co(II1) 
complex must also be forming ion pairs with TFS- (Figure 1 and 
Table Despite the qualitative similarities between the 
dependences of k ( H ) / k ( O )  on H shown in Figure 1 for the re- 
actions of R u ( N H ~ ) ~ ~ +  and C O ( N H ~ ) ~ ~ + ,  it must be noted that 
the polynomia fitting the data respectively collected with CI- and 
TFS- counterions are significantly different and that the values 
of the coefficients dictate that such differences tend to be more 
pronounced with increasing fields, Le., a t  fields H > 5 T. 

Experiments carried out a t  a given field intensity (Figure 2) 
have shown that the effect of the magnetic field upon the reaction 
rate is temperature dependent. In solutions where CO(NH3)63+ 
is ion paired with TFS- formation, the results collected over a 
temperature range, 289 < T < 323 K, with the field intensities 
set at 3 and 8 T, respectively, are distributed according to curves 
that are dependent on the field intensity. The curve obtained in 

n= I 

(38) Beck, M. T. Coord. Chem. Reu. 1968, 3, 91 and references therein. 
(39) Katayama, S.; Tomamushi, R. Bull. Chem. Soc. Jpn. 1968, 41, 606. 
(40) Pipes, L. H. Applied Mathematics for Engineers and Physicists, 2nd 

ed.; McGraw-Hill: New York, 1958; Chapter I .  
(41) Although no measurements of the equilibrium constants for the for- 

mation of ion pairs by TFS- (trifluoromethanesulfonate ion) are 
available, the theory of electrolyte solutions gives an equilibrium con- 
~ t i l n t , ~ ~ . ~ ~  K - A exp( - z , z , r2 /DkT[r ,  + r,]) with A - 1 ,  for the 
formation of ion pairs between ions with charges zI and z2  and radii r ,  
and r2. respectively, which interact under a zero ionic ~ t r e n g t h . ~ ~ . ~ ~  The 
radii of CI- (r - 1.8 A) and TFS- (r - 3.1 A) give a constant for the 
ion pair formation with CI- that is ca. 3 times larger than the association 
constant with TFS- at the ionic strength of our experiments, and for 
reasons indicated elsewhere in the text, such association will not be 
specially indicated. 

(42) Pitzer, K. S. ;  Brewer, L. Thermodynamics (Revision of Lewis and 
Randall), 2nd ed.; McGraw-Hill: New York, 1961; Chapter 23. 

(43) Robinson, R. A.; Stokes, R. H. Electrolyte Solutions; Academic Press: 
New York, 1955; Chapters 4, 9. 
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Figure 3. Dependence of the ratio k(H)/k(O) on the magnetic field 
intensity. The k(H) /k (O) ,  values in the figure have been measured for 
the oxidation of Co(sep)'+ with (a) CO(NH+~+ and (b) Co(en)33+. 
These reactions, eqs 8 and 9, were investigated in acidic solutions, pH 
3, having an ionic strength I = 0.3 M NaTFS. 

similar experiments with ( C O ( N H ~ ) ~ ~ + , C ~ - )  ion pairs is largely 
displaced with respect to the curve determined for C O ( N H ~ ) ~ ~ +  
at the same field intensity. 

One of the questions risen by the experimental observations 
reported above is whether they have a general validity; Le., will 
electron transfer reactions of related coordination compounds 
exhibit similar dependencies on the magnetic field? In this regard 
we have investigated several reactions of Co(II1) complexes, eqs 
7-9, and found that their rates experienced field-induced per- 

CO(NH~)~CI*+ + Ru(NH3)82+ - Co(NH3)&f + Ru(NH3);' 

1.' 

JH+ 
Co2'(aq) + CI- + 5NH: (7) 

Co(NH3)2+ + C o ( s e ~ ) ~ +  - Co(NH3);+ + C ~ ( s e p ) ~ +  

(8) 

C ~ ( e n ) ~ ~ +  + Co(sep)2+ - Co(en)32+ + C ~ ( s e p ) ~ +  (9) 

turbations (Figure 3) that are similar to those observed in the 
reaction between cobalt(II1) and ruthenium(I1) hexaammines (eq 
6). A difference between these reactions must be noted; while 
the reactants of eq 6 are diamagnetic, Co(sep)Z+ in eqs 8 and 9 
has a multiplet (paramagnetic) ground ~ t a t e . ~ ~ , ~ ~  
Discussion 

The results reported above and in a previous work show that 
magnetodynamic effects on outer-sphere electron-transfer reactions 

Co*+(aq) + 6NH: 

(44) The results collected with reactions of Co(sep)2+ are presented here for 
comparison with reactions between diamagnetic Co(ll1) and Ru(l1) 
complexes. Insofar as the theoretical treatment of the reactions in- 
volving paramagnetic ions is more complex than the one applied in this 
work to reactions between diamagnetic species, the discussion of their 
properties will be deferred.45 

(45) Ronco, S.; Ferraudi, G. Work in progress. 
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have complex dependences on the field intensity, dependences that 
have been empirically described by means of polynomia with 
higher orders on the magnetic field intensity. The polynomia for 
the dependence of k ( H )  on H show in a quantitative manner that 
the magnetic-field perturbations are not only specific for a given 
reaction but also reflect subtle interactions with species in  the 
second coordination sphere, i.e., species which may be forming 
ion pairs with a given reactant. Moreover, one feature that 
emerges from the field effects on the rates of the investigated 
reactions is that the reactants are not required to be in para- 
magnetic electronic states as a precondition for the observation 
of field-induced perturbations. These observations are rationalized 
in the following sections by using established theories for the rate 
of outer-sphere electron-transfer  reaction^.^^-^^ 

(a) General Considerations about Magnetic Field Effects. 
Although eq 2 has a general validity in reaction kinetics, it is more 
convenient to interpret the experimental results of this paper 
according to the theoretical models proposed for outer-sphere 
electron transfers in coordination c ~ m p l e x e s . ~ ~ . . ~ ~  The quantum- 
mechanical theory provides a good starting point for the treatment 
of the magnetic field effects. Indeed, the rate constant of an 
electron-transfer reaction (eq 10) can be expressed in terms of 

a factor A, which is independent or nearly independent of the 
magnetic field, a Boltzmann-weighted electronic matrix element 
VIr and an exponential factor dependent on the Franck-Condon 
and solvent reorganization energies, AG*, where zero superscripts 
indicate zero-field values. 

I n  the deduction of eq 10, we have assumed that the distinct 
reorganization energies AG,,', associated with transitions from 
an initial state i to a final state f,  can be replaced by an average, 
and therefore factorizable, reorganization energy AG*. Also we 
have used the a p p r ~ x i m a t i o n ~ ~ , ~ ~  

Q(H) = I / C L y , e - E J R T  N Q(O)  = I /Ca,oe-E:/RT = Q 
I I 

for the partition functions, Q(H)-', in  presence of the magnetic 
field, and-Q(O)-', in the absence of it. 

Since V (the operator coupling the reaction's initial and final 
electronic states) has been defined in terms of Coulombic or 
exchange interactions but always in the absence of a magnetic 
field,49,55-57 one must add to it the electronic Zeeman operator 
(eq 1 1 )  when such an electron-transfer reaction takes place in the 

( 1 1 )  

presence of such  field^.^'*^* The dependence of the exponential 

Vlf(H) = (Qllp+ ji = h @ ( k i  + g2) 
p = Bohr magneton 

Marcus, R. A. Discuss. Faraday Soc. 1960, 29, 21. 
Marcus, R. A. Annu. Reo. Phys. Chem. 1964, 15, 155. 
Hush, N.  S. Trans. Faraday Soc. 1961, 57, 557. 
Kestner, N.  R.; Logan, J.; Jortner, J. 1. Phys. Chem. 1974, 78, 2148. 
Sutin, N .  Prog. fnorg. Chem. 1983, 30, 441. 
Newton, M. D. fnr. J .  Quantum. Chem., Symp.  1980, 14, 363. 
Larsson, S. J. Chem. Soc., Faraday Trans. 2 1983. 73, 1375. 
Buhks, E.; Bixon, M.;  Jortner, J.; Navon, G. Inorg. Chem. 1979, 18, 
2014. 
Larsson. S.;  Stahl, K.; Zerner, M .  C. fnorg. Chem. 1986, 25, 3033. 
Ramasami, T.; Endicott, J. F. J .  Am. Chem. SOC. 1985, 107, 389. 
Endicott, J .  F.; Ramasami, T. J .  Phys. Chem. 1986, 90, 3740. 
Lee, C .  W.; Anson, F. C. J .  Phys. Chem. 1983.87, 3360. 
In terms of the uantum-mechanical treatment of an outer-sphere 
electron transfer? the transition probability from an initial state, q,, 
to a final state, qr, is k = ( 2 7 r / h ) ~ ( 9 i ~ 7 f ~ , ~ 9 f ) ~ 2 .  The operator 7f,, is 
the Hamiltonian for the electron-transfer process in the absence of an 
external magnetic field.49 Inspection of eq 1 reveals that, in such a 
field's presence, the trgnsition pobability for an electron-transfer process 
is k = (27r/h)l(*ilFfei + P q 9 f ) I 2  where f i  is the magnetic dipole 
operator. The procedure used in ref 49 for the factorization of the 
transition probability gives ~ ( J Y ) ~ ~  = (27r/h)!Vif + wid%, where V,, is 
an electronic coupling matrix element and pif IS the transition magnetic 
dipole. The Franck-Condon factor, G, takes into account solvent and 
nuclear reorganizations in  the electron transfer. 

factor on the magnetic field can be found by using the same 
arguments already considered in the deduction of eqs 3 and 4. 
It is possible to reduce eq I O  to a manageable one by introducing 
simplifications that are commonly used in the theoretical treatment 
of the magnetism in coordination c ~ m p l e x e s . ~ ~ ~ ~ ~  For example, 
the part of the exponential factor containing the activation sus- 
ceptibility, 6x*, can be series expanded in powers of H while the 
electronic matrix element takes the form of a quadratic function 
of the field. The final reduction of eq 10 will be determined, 
however, by the multiplet nature of the ground state and the 
proximity of other electronic states, Le., for all the levels achieving 
Boltziiiann populations. I n  these regards, the diamagnetic nature 
of the reactants in eq 6, Le., ignoring TIP  contribution^,^^^^ allows 
us to restrict the summation over the initial states in  eq I O  to a 
single term, i.e., the reactants IA,, ground states that remain 
unaffected by spin-orbit coupling and electronic Zeeman per- 
turbations. If the series expansion in eq I O  is truncated to a 
polynomial with a fourth order dependence on the magnetic field, 
the ratio of the rate constants is given by eq 12. 

6X * 6 X *  6 X '  
I RT RT RT 

{ Q ~ a i e - E i / R T & - H 4  = 1 + aH + b--H2 + a-H3 + 
6X* c-H4 = 1 + a , H  + a2@ + a3H3 + a4H4 (12) 
RT 

This expression for k ( H ) / k ( O )  can be used with the experi- 
mental results in Figure 1 and Table I in order to get information 
about the mechanism of the electron-transfer reaction. For ex- 
ample, values of the activation magnetic susceptibility (eq 13) and 
the Boltzmann-weighted electronic matrix element (eq 14) can 

be calculated from known values of the coefficients ai, i = 1, 2, 
3, and 4 (Table I). It must be noted that the 1v'values and the 
calculated value of A in eq 10 give values in the order of 1Olo for 
the preexponential factor. This observation suggests that the 
reaction in eq 6 is nearly adiabatic with a restriction factor,f - 
10lo/Z = IO-', larger than one previously r e p ~ r t e d . ~ '  If one 
considers, however, the uncertainties and errors associated with 
each calculation, it is possible that the value of the restriction factor 
is between the following limits: 10-1 If2 In these regards, 
we must consider two further aspects of the reactions reported 
above: the symmetry-determined selection rules for the coupling 
in the electronic matrix element (eq IO)  and the behavior of the 
activation magnetic susceptibility, ax*. 

(b) Symmetry-Determined SeJection Rules.6' Fermi's Second 
Golden Rule, k = (2~/h)l(~~17f,J\k~)(~ pw leads to the (master 
or absolute) selection r ~ l e ~ ~ , ~ ~  

r(q) Q r(%,) Q r(qf) = r, + ... ( 1 5 )  

(59) Ballhausen, C. J. Introduction to Ligand Field Theory; McGraw-Hill: 
New York, 1962; Chapter 6, pp 139-149. 

(60) In low-spin cobaltic complexes, there is paramagnetism independent of 
the temperature, TIP, associated with the second or high-frequency term 
in Van Vleck's formula.58 However, TIP makes contributions with a 
magnitude of ca. 10" erg G'Z to the magnetic susceptibility, a value 
which is too small in comparison with other contributions discussed 
elsewhere in the text. 

(61) Group theoretical treatments and related conventions follow: Piepho, 
S.; Schatz, P. Group Theory in Spectroscopy; Wiley-Interscience: New 
York, 1983. 
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Table 11. Descent in Symmetry from an Oh and an 0' Point Group 
Symmetry to the Point Groups of Two Encountering Octahedra' 

Correswndina Orbital States 

Figure 4. Relative orientations of two octahedra that preserve given 
symmetry elements of the Oh point group, Le., the C2, C,, and C, rotation 
axes, used for calculations elsewhere in the text. 

for processes whose lifetime, T = l / k ,  must be finite. Equation 
15 establishes that the direct product of the irreducible repre- 
sentations (irreps) for the complete eigenfunction of the initial 
state, r(ei), the final state, I'(\kr), and a set of Hamiltonian terms 
describing the evolution of the molecular system from the initial 
to the final state, 7fI, must span the totally symmetric irrep, r, 
in the point group of the bimolecular reaction's encounter complex. 
More specific selection rules (eq 16) can be derived by considering 

r($i) o r(V) o r(dr) = rl  + ... (16) 

that the electronic matrix element is a factor in the expression 
in eq I O  of the ratelconstant for outer-sphere electron transfers. 
In eq 16, r(4J, r( V), and r(&) are irreps of the eigenfunction 
for the initial electronic state, for the electronic coupling operator, 
and for the final e1:ctronic state respectively. It must be noted 
that the operator V has been already defined by other authors 
as an electrostatic interaction, exchange or C0ulombic,4"~ for 
the electron transfer between two metal centers and must be 
regarded, therefore, as an invariant scalar transforming like the 
totally sympetric irrep in the point group of the bimolecular 
system. If Vdoes not operate over the spin eigenfunctions, it is 
possible to recast eq 16 in the form of eqs 17 and 18, where the 

(17) 

(18) 
electronic wavefunctions in eq 16 have been written as products, 
#i = Sirpi and & = Sfcpl, of the respective spin, Si and Sh and orbital, 
rpi and cpr, wave functions. In keeping with the eigenfunctions 
proposed in the literature for the description of the respective 
ground states of Co and Ru s p e ~ i e s , ~ ~ ~ ~ ~ ~ ~  the eigenfunctions for 
the species in the electron transfer between C O ( N H & ~ +  and 
Ru(NH3)2+ (eqs 19-22) can be expressed in a ket notation, where 

( CO"'~ = ( CO'"; AI,, 01 + a( CO"'; TI,, 1 I + a'( Co"'; CT, 1 I 
(19) 

(20) 

r(si) o r(sf) = r, + ... 
r(rpi) @ r(w) = r, + ... 

(Ru"1 = (Ru"; AI,, 01 

( R u ~ ~ I ~  = ( Rulll; T2g, y21 + 
/3(Ru"'; TI,, '/*I + @'(Ru~~'; CT, Yz1 (21) 

(CO"~ = (CO"; TI,, 3/21 + Y(CO"; E,, XI (22) 

point groupb 

Oh c4u C, C3" 

AI, 
E, 
TI, 
TI, 

A,  AI AI 
E A,  + Bl 2 4  

A, + E A2 + E 
A, + E A, + E 

A2 + B, + 82 
AI + B, + 82 

Corresponding Spin States 

~~~ ~ 

(62) Reference 28, p 103. 
(63) Landau, L. D.; Lifshitz, E. M. Quuntum Mechanics; Pergamon Press: 

New York, 1974. 

0' Dh D'2 0 ' 3  

(S = 2) E', A', + B', + B', + E', 2A' + B', + B', + B', A', + 2E', 

'Point groups for the relative orientation of two octahedra shown in 
Figure 5, and states relevant to the species in eq 6. See also Table 11. bThe 
lifting of the orbital restrictions can be established from the direct product 
of the corresponding states, e.g. for T,, @ T2, in 0, we have (A2 + E) @ (A, + E) = A, + 2A, + B, + B2 + 2E in C,, (A, + B, + B2) @ (A2 + B, + 
B2) = 2A, + 3A, + 28, + 28, in C, and (A, + E) @ (A2 + E) = A, + 2A2 
+ 3E in C3v It must be noted that the angular momentum components 
span the irreps r(i,) = A2 and r(fX,Ly) = E in C,, r(LJ = A, and r- 
(i,,iy) = E in C,,, and r/iJ = A2, r(i,) = B,, and I'(Ly) = B2 in C,. 

a, d, /3, /3', and Y are the spin-abit coupling coefficients providing 
the adequate amount of given excited states mixing into the species 
ground states. Moreover the triplet (Co"'; CT, 11 and quartet 
(RuII'; CT, 3 / 2 1  charge-transfer states are expected to be those 
having the lowest energies and span, in the double group Of, the 
same irrep of the respective Co(II1) and Ru(II1) ground states. 

Since the point group of an encounter complex formed by two 
octahedra with identical or with different metal ions is not Oh, 
(Figure 4) the orientation of one octahedron with respect to the 
other can be expressed in terms of relative orientations that 
preserve some symmetry elements of the Oh group. The point 
group of the transition state in each of these configurations is a 
subgroup of the 0, (Figure 4).64 Therefore, the electronic 
coupling operator V remains an invariant scalar only under the 
symmetry operations of each subgroup and the eigenfunctions for 
the octahedral species, eqs 19-22, must be projected into these 
subgroups in order to find the initial and final state functions 
coupled by the ~ p e r a t o r . ~ ~ , ~ ~  Preservation of the C,, C4, and C3 
rotations in the collision of two octahedra with different metal 
ions leads to transition states with symmetries belonging to the 
C,,, C,,, and C3, point groups (or equivalent D',, Of4, and Of3 
double groups), respectively (Table 11). The descent in symmetry 
from Oh to such axial groups can be used, therefore, in the de- 
termination of those initial and final states that according to 
symmetry-estsblished selection rules correspond to allowed 
crossings from reactants to products (Table 11). In a rather crude 
statistical limit where only the allowed crossings in each config- 
uration make contributions to the electronic matrix element (eq 
10) and each crossing is weighted according to the number of 
configurations (Appendix), one can calculate a lower limit for the 
spin-orbital restrictioqf = when the initial and final states 
of the reaction are formulated by the respective ground states of 
the reactants and the products. However, the reaction can generate 
C O ( N H ~ ) ~ ' +  in its electronic excited state, 2E,,54 a reaction path 
those restriction, f = l / 6 ,  is in better agreement ( thanf=  
with calculations based on the empirically determined Boltz- 
mann-weighted electronic coupling (eq 14). 

The effect of the magnetic field on the reaction rate can- be 
assqciated with nonvanishing matrix elements, pif = (\kilkL + 
2.0Sl\kf), where the initial and final states of the molecular system 
are coupled by the magnetic dipole operator. This transitjon 
magnetic dipole can be expressed as pif = ((Co"'IiIRu"Ii/kL + 
~.OSI(CO"JI(RU~~'I~), where each element in braces represents the 
electronic state of a given species, Le., wave functions adapted 
to the symmetry of the encounter complex. When the electronic 

(S = 1 )  A', A', + E', B'l + B'2 + B'3 A', + 2E'3 

(64) The problem of the microscopic orientations has k e n  already considered 
in literature reports, see: Newton, M. D. J .  Phys. Chem. 1986,90,3734. 
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state of each species is written as a product of an orbital and a 
spin function, Le., ignoring intramolecular spin-orbit coupling, 
a path leading to ground-state products, (*T,,)CO(NH,),~+ and 
(ZT2,)R~(NH,)63+, or a path forming (2E,)Co(NH3)6z+ has 
vanishing transition magnetic dipoles. This is not a surprising 
result because the reactants have nondegenerate ground states: 
a main difference from other reactions (eqs 8 and 9). 

I f  wave functions are perturbed by intramolecular spin-orbit 
coupling, i.e., functions of the type described by eqs 19-22, the 
nondegenerate initial state can be written 

*i = ((Co"'}(Ru"JI =(Co"'; A,,, O)(Ru"; A,,, 01 + cu(Co"'; 
TI,, II(Ru"; A,,, 0) + ~ ' ( C O " ' ;  CT, 1I(Ru"; A,,, 01 (23) 

Although the first term of eq 23 cannot be coupled by the magnetic 
dipole operator to the final state, the symmetry properties of the 
second and third terms allow such a coupling. When both products 
are formed in their ground states, some components of the 
multiplet 

\kf = ( {COII](RUII~J( =( CO"; TI,, 7 2 ) (  Ru'''; T,,, v 2 I  

satisfy a selection rule rirLrf = I?, + ..., where rr is the irrep 
span by the electronic angular momentum and r ,  is the totally 
symmetric irrep in the double group of the encounter complex. 
A similar reasoning can be used when the initial state (eq 23) is 
coupled to a final state 

\kf = (Co"; E, Y2I ( RulI1; T2,, 1/21 
where the reaction product C O ( N H ~ ) ~ ~ +  is formed in the 2E, 
excited state. In these regards, it must be concluded that intra- 
molecular L,S mixing of excited states into the ground state of 
the reactants must determine in a large extent the value of the 
transition magnetic dipoles and the intensity of the magnetody- 
namic effects. 

(c) Activation Magnetic Susceptibilities. In such reactions where 
the magnetic field has a negligible effect on the energy of the initial 
states, e&, the reactants are diamagnetic and the transition 
magnetic dipole, pif, is small in  comparison with the electronic 
coupling, Vir in eq 1 I ,  the activation magnetic susceptibility can 
be calculated from the known values of 6T = ( k ( H ) / k ( O ) ) ,  where 
subscripts specify the temperature. Since values of 6 ~ * 2 9 8  and 
a, ,zse  were known from measurements of the rate constant of 
various field intensities (Table I), we calculated 6 ~ * ~  at other 
temperatures T with an iterative method.j4 Trial values of 
at temperatures slightly above or below 298 K were calculated 
by replacing values of ~ 1 , 2 9 8  and pT in eq 24. New values of 6x* 
were calculated by using these trial values of al,T with eq 25, and 

Ronco and Ferraudi 

Pr - 1 - a,,TH 
6x'r = (1 - a l , T H ) ~  RT' (25) 

then replaced in eq 24. The procedure was repeated until the 
difference between the results of two consecutive cycles was less 
than 10%. Moreover, the results of a calculation were used as 
trial values for calculations with rate constants measured at slightly 
different temperatures. 

The results of calculating 6x* for the reaction of CO(NH&'+ 
with Ru(NHJb2+ (Figure 5 )  signal that the transition state of 
the reaction is paramagnetic despite the reactants diamagnetism. 
Indeed, the two reactants have small and negative magnetic 
susceptibilities that are characteristic of diamagnetic complexes, 
and the large positive values of ax* must be assigned, in accord 
with its definition in eq 5, to the activated complex, Le., x*. 
Conversion of x* to an effective magnetic moment of activation, 
EMMA, reveals that the values of EMMA are larger than the 
combined momenta of the paramagnetic products, e.g., (4Tl,)- 
Co(NH,);+ and (2T2g)R~(NH3) t+ .65  The absence of additivity 

L 

'\ c1- 

0 - H = 8.5 Tes!a 

0 -  H = 2.4 Tesla 

\ 
t 

I & - - - - e  , 0 /' 
\ ,s' TFS-  , 0 , . , '\ / ,  4' / 

O ',o ,'" \ / ' 

/ 
\ 

?/ *' I 

L-,' I' / 
0 / 
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T,  "K  

Figure 5. Dependence of 6x' on the temperature for reactions of Co- 
(NH3)63t with Ru(NH3):+ under ionic strengths I = 0.3 M NaTFS or 
I = 0.3 M NaCI, respectively. For other conditions, see Figure 1.  

in the coupling of the momenta could also be a manifestation of 
a very strong LS mixing of electronic states in the encounter 
complex. 

A further feature of 6x* is that the functional dependence on 
the temperature is specific for the counterion, Le., CI- or triflate, 
as has been reported above for the dependence of k(H)/k(O) on 
H (Figure 1). Such a specificity appears to be related more to 
the ability of CI- to impart charge-transfer character into the 
ground state, Le., from an ion-pair change-transfer state, than to 
steric reasons. Such a mixing of charge-transfer states into the 
ground state must be, a t  least in part, magnetic-field dependent, 
e g ,  as expected for Zeeman-induced mixing, and its contribution 
to the value of k(H)/k(O)  reaches a significant magnitude for fields 
H > 5 T. The magnetic-field perturbation of the rate of the 
reaction with C O ( N H , ) ~ C I ~ +  (eq 7)  is in agreement with these 
considerations about the participation of charge-transfer states. 
Conclusions 

The observations reported in this work have been rationalized 
in terms of existing theories for the rate of outer-sphere elec- 
tron-transfer reactions. Such theories were modified by incor- 
porating in them various interactions with the magnetic field. They 
have been applied to reactions involving diamagnetic reactants 
and remain to be tested with more complex systems incorporating 
paramagnetic reactants. It must be noticed, however, that the 
strong paramagnetism associated with the transition state has been 
found in reactions with para- and diamagnetic reactants. The 
origin of the transition-state paramagnetism must be further 
investigated on a broader experimental base. It is also clear that 
magnetodynamic effects on electron-transfer reactions between 
coordination complexes cannot be properly treated by the radi- 
cal-pair This is, however, not surprising if one accepts 
that the properties of a transition-metal coordination complex 
seldom approach those of organic radicals, a point that can be 
extended to the mechanism of their reactions. Our results also 
show that, in these reactions, studies carried out a t  weak fields 
(less than a tesla), fail to give a complete picture of the magne- 

(65) The EMMA, fiteNr can be conveniently defined in the same manner of 
the 'magnetic moment",29 and the activation magnetic susceptibility, 

= ( 3 k / N ~ 2 ) " 2 ( 6 * r ) ' / 2  = 2.828(6'7')'/*, for diamagnetic reactants. 
I t  must be noted that the large values of EMMA, larger than those for 
most of the paramagnetic materials, should probably be. viewed as an 
intrinsic property of the transition state.'O Does this paramagnetism 
approach the one in a charge-transfer state? This and other quadaries 
of the magnetodynamic effects must be resolved with more experimental 
work in these chemical systems. 

( 6 6 )  Steiner, U. E.; Wolf, H.; Ulrich, Th.; Ohno, T. J .  Phys. Chem. 1989, 
93, 5147 
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todynamic effects on reactions of coordination complexes; 
mechanisms derived from such a narrow experimental base must 
be considered in error. 
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Appendix 

The approach for calculating orbital and spin restrictions is 
based on the assumption that, in each particular orientation of 
the two octahedra, each of the allowed crossings, Le., one pre- 
serving the electronic state symmetry, from the initial to the final 
electronic state makes a unity contribution to the prohibition factor 
while each of the forbidden crossings (in a zero order) makes a 
negligible contribution. The factors must, however, be calculated 
by dividing the number of effective crossings (crossings with unity 
contributions) by the total number of crossings, Le. allowed and 
forbidden crossings. In these regards, each orientation of the 
octahedra (Figure 4 and Table 11) having a C4, point group 
symmetry can make only contribution according to the orbital 
prohibition and contribution according to the spin prohibition. 
Indeed, for products with electronic states TI, and T,, respectively, 
only one path from E.E (Table 11) spans A, and correlates, 
therefore, with an A, state of the products. If one uses a similar 
rationale, a configuration with a C2, point group symmetry con- 

tributes 2/9 (orbital contribution) and 2/s  (spin contribution) while 
one with a C,, point group symmetry contributes (orbital 
contribution) and (spin contribution). Insofar as the probability 
of achieving a given configuration is proportional to the multiplicity 
of the symmetry preserved in the octahedra collision, the trans- 
mission coefficient can be expressed 

Cnioiai 
f=-- ni - z-oiu1 Cni i n 

i 

where ni is the number of configurations preserving a given sym- 
metry element identified by the subscript i, oi and ( ~ i  are the orbital 
and spin contributions considered above. Substitution of the values 
in this expression leads to 
f =  

Spin-orbit coupling can lift some spin restrictions, and this number 
must be considered, therefore, a lower limit. Moreover, it is 
possible to assume that CO(NH,)~ .~+ can be generated in its 2E, 
excited state while R u ( N H , ) ~ ~ +  is in its ground state.s4 One can 
calculate f = ‘ / 6  for such a reaction path with the same rationale 
discussed above. 

Registry No. Ru(NH#, 19052-44-9; Co(NH,):+, 14695-95-5; 
Co(NH3)J12+, 14970-14-0; Co(en),’+, 14878-41-2; Co(sep)2+, 63218- 
22-4. 
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Molecular Topology and Exchange Interaction: Synthesis and Magnetic Properties of 
[CUI~~MII] (M = Cd, Ni, Mn) Tetranuclear Species 
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Three tetranuclear complexes of formulas [[C~(oxpn)),Cd](N0~)~.2H~O, [Cu,Cd], [(C~(oxpn))~Ni] (C104)2.2H20, [Cu,Ni], and 
[{Cu(o~pn)),Mn](ClO~)~.2H~O, [Cu,Mn], where oxpn2- is N,N’-bis(3-aminopropyl)oxamidato have been synthesized. Magnetic 
susceptibility and EPR measurements in the 4.2-3.00 K temperature range have been carried out for this series of complexes. 
The magnetic data have been interpreted by using the Heisenberg Hamiltonian and lead to J values equal to -1.45, -101.0, and 
-26.6 cm-I for [Cu,Cd], [Cu,Ni], and [Cu,Mn]. The relation between the local g tensor and the observed average g values is 
analyzed. A discussion about the relative interaction intensity in such a series of complexes is presented. Finally, the nature of 
the ground state is discussed in relation to the topology and the spin values of the metal ions. 

Introduction 
A lot of work has been devoted to the study of the exchange 

interaction in plymetallic systems. One of the challenges of this 
field is the design of complexes with predicted magnetic properties2 
To achieve this goal, the influence of parameters such as the 
symmetry of magnetic  orbital^,^,^ the nature of the bridging or 
terminal ligands,2-s” and small geometrical changessp9 has been 

( I )  (a) Universitat de Valsncia. (b) Universite de Paris-Sud. 
(2) (a) Magneto-Structural Correlations in Exchange Coupled Systems; 

Willett, R. D . ,  Gatteschi, D., Kahn, O., Eds.; NATO AS1 Series; D. 
Reidel Publishing Co.: Dordrecht/Boston/Lancaster, 1985. (b) Kahn, 
0. Angew. Chem., Int. Ed. Engl. 1985, 24, 834 and references therein. 

(3) (a) Journaux, Y.; Kahn, 0.; Zarembowitch, J.; Galy, J.; Jaud, J. J .  Am. 
Chem. Soc. 1983, 105, 7585. (b) Kahn, 0.; Galy, J.; Journaux, Y . ;  
Jaud, J.; Morgenstern Badarau, 1. J .  Am. Chem. SOC. 1982, 104, 2165. 

(4) Yu, P.; Journaux, Y. ;  Kahn, 0. Inorg. Chem. 1989, 28, 100. 
(5) See: Hendrickson, D. N.  In ref 2a, p 523 ff. 
(6) Verdaguer, M.; Kahn, 0.; Julve, M.; Gleizes, A. Nouu. J .  Chem. 1985, 

9, 325. 
(7) (a) Journaux, Y.; Sletten, J.; Kahn, 0. Inorg. Chem. 1985, 24, 4063. 

(b) Julve, M.; Verdaguer, M.; Kahn, 0.; Gleizes, A,; Philoche-Levisalles, 
M. Inorg. Chem. 1984, 23, 3808. (c) Lloret, F.; Julve, M.; Faus, J.; 
Journaux, J.; Philoche-Levisalles, M.; Jeannin, Y .  Inorg. Chem. 1989, 
28, 3702. 

studied. Surprisingly, no study of the influence of the molecular 
topology on the magnetic properties of inorganic complexes has 
been done. On the other hand, organic chemists attempting to 
synthesize high-spin molecules have been extremely interested in 
this For instance, it is well-known that the tri- 
methylenemethane biradical has a triplet ground state due to its 
topology.’0J2 A similar topology for inorganic complexes is scarce 
although the diamagnetic Werner brown salt [Co{ (OH),Co- 
(en)z1,]6+ l 3  where en is 1,2-diaminoethane has been known since 
1907. The synthesis of the chromium analogue of Werner’s 
complex by Andersen and Berg a few years ag014a3b provided 

(9) 

(a) Crawford, W. H.; Richardson, H. W.; Wapon, J. R.; Hodgson, D. 
J.; Hattfield, W. E. Inorg. Chem. 1976, 15, 2107. (b) See: Hodgson, 
D. J. In ref 2, p 497 ff. (c) Livermore, J. C.; Willett, R. D.; Gaura, 
R. M.; Landee, C. P. Inorg. Chem. 1982, 21, 1403. 
(a) Hay, P. J.; Thibeault, J. C.; Hoffmann, R. J .  Am. Chem. Soc. 1975, 
97, 4884. (b) Charlot, M. F.; Jeannin, S.; Jeannin, Y.; Kahn, 0.; 
Lucrece Abaul, J.; Martin Frere, J .  Inorg. Chem. 1979, 18, 1675. 
Ovchinnikov, A. Theor. Chim. Acta 1978, 47, 297. 
Mataga, N.  Theor. Chim. Acta 1968, I O ,  372. 
Dowd, P. Arc. Chem. Res. 1972, 5, 242. 
(a) Werner, A. Eer. Dtsch. Chem. Ges. 1907, 40, 2103. (b) Thewalt, 
U. Chem. Ber. 1971, 104, 2657. 
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